Introduction
Injury, whether intentional or unintentional, remains the leading cause of death in people younger than 54 y in the United States [1] . Severe, traumatic injury, often accompanied by hemorrhagic shock, leads to a SIRS that can cause organ injury and dysfunction. Among the organs that are subjected to injury are the intestine [2, 3] and liver [4] . An excessive and uncontrolled, SIRS is associated with organ failure, immunosuppression, and increased susceptibility to nosocomial infection after trauma. The SIRS is a result of activation of innate immune mechanisms, such as TLR signaling [4, 5] and the complement system [6] . Cellular components of the innate immune system are also important to the initial inflammatory response after HS/T. For example, mast cells are a key cellular component contributing to the pathobiology of severe injury [7] . However, the role of NK and NKT cells in either the inflammatory response or end organ damage after HS/T has not been established.
NK cells, as large granular lymphocytes, have an important role in the early stages of innate immune responses because of their two major functions: cytotoxicity and cytokine production, especially of IFN-g. Thus, NK cells have a critical role in the development of systemic inflammatory reactions by producing IFN-g and by subsequent activation of macrophages [8] . Recently, it was reported that NK cells also contributed to the pathogenic pathways in models of infection and sepsis, as well as a model that combined trauma and sepsis [9] [10] [11] [12] [13] .
Like NK cells, NKT cells are identified as regulators of the innate immune response. NKT cells are a unique subset of T lymphocytes that also express typical NK cell markers, such as NK1.1 and Ly49A markers [14] . Upon stimulation of their TCRs through CD1d-presented glycolipid Ag, NKT cells can be rapidly activated to secrete cytokines, such as IFN-g and TNF-a. Recent evidence suggests that activation of NKT cells also contributes to the development and progression of tissue injury in acute models of immune-mediated organ injury [15, 16] .
The current study was undertaken to delineate the roles of NK and NKT cells, specifically to HS/T-induced inflammation and organ injury, using a model combining severe hemorrhagic shock and peripheral tissue trauma. We show that the depletion of NK1.1 + cells suppresses liver and gut injury as well as the capacity of liver macrophages to produce TNF-a and MCP-1/ CCL-2. NK and NKT cells appear to have a role in sustaining the SIRS and end organ damage after severe systemic injury.
MATERIALS AND METHODS

Mice
Mice used in the experimental protocols were housed in accordance with University of Pittsburgh, Division of Laboratory Animal Resources, and all procedures were approved by the University of Pittsburgh, Institutional Animal Care and Use Committee. Male C57BL/6 (WT) mice (8 -12 wk old; 20-30 g body weight) were obtained from Jackson Laboratory (Bar Harbor, ME, USA) and housed under specific pathogen-free conditions with free access to standard laboratory feed and water.
NK1.1 Ab treatments
The depletion of NK1.1 + cells was accomplished before induction of HS/T by i.p. administration of 2 doses of 75 mg NK1.1-PK136 Ab (BioXCell, West Lebanon, NH, USA) in 200 ml saline on successive days [17] ; control mice received 2, 75-mg doses of isotype control Ab or 200 ml saline.
Mouse model of HS/T
Pseudofracture was performed, as described previously [18] . In brief, the soft tissue injury in the form of a muscle crush injury to the thigh musculature bilaterally was followed by an injection of a crushed bone 
Mouse hepatic nonparenchymal cell isolation
The liver was perfused with PBS through the right ventricle of the heart before removal, cut into small pieces, and digested with 1.3 mg/ml Collagenase H (F. Hoffmann-La Roche, Basel, Switzerland) for 30 min at 37°C under rotation (Miltenyi Biotec, San Diego, CA, USA). Samples were pressed through 100-mm cell strainers (BD Biosciences, Franklin Lakes, NJ, USA), washed, and nonparenchymal cell were separated from hepatocytes by centrifugation at 17-21 g for 4 min and purified further with a 30/70% Percoll gradient (GE Healthcare Life Sciences, Little Chalfont, United Kingdom).
Flow cytometry
Single hepatic-cell suspensions were stained with a combination of the following fluorescently conjugated mAbs: AF700-conjugated CD45 (eBioscience, San Diego, CA, USA), APC-conjugated NK1.1 (BD Pharmingen; BD Biosciences), FITC-conjugated DX5 (eBioscience), PE-Cy5.5-conjugated CD3 (eBioscience), APC-Cy7-conjugated Ly6G (eBioscience), and eFluor 450-conjugated F4/80 (eBioscience). For measurement of intracellular cytokine expression, single hepatic-cell suspensions were stimulated ex vivo for 4 h in the presence of PMA and ionomycin, followed by surface staining for a combination of the Abs listed above, fixed, and permeabilized, using a commercially available kit (eBioscience), and stained with TNF-a APC-Cy7 (BD Pharmingen; BD Biosciences), IFN-g PE-Cy7(eBioscience), or MCP-1 PE (BioLegend, San Diego, CA, USA). Dead cells were excluded from analysis by using Fixable Viability Dye eFluor 506 stain (eBioscience). Samples were acquired on a BD LSRII flow cytometer (BD Biosciences) and analyzed using FlowJo software (Tree Star, Ashland, OR, USA).
Histopathology
For histopathologic examinations, liver, lungs, and gut (ileum) were fixed with 10% formalin for 2 d, embedded in paraffin, and 5-mm sections were stained with H&E.
Statistical analysis
The data are expressed as means 6 SEM. Comparisons among more than 2 groups were performed with 1-way ANOVA and a post hoc Newman-Keuls test. Comparisons between 2 groups were performed with unpaired t test. Probability values ,0.05 were considered statistically significant. When individual studies are discussed, they are representative of $3 independent studies.
RESULTS AND DISCUSSION
NK1.1
+ cells contribute to organ damage in mice after HS/T HS/T, as seen after traumatic events in humans, activates inflammatory responses leading to end organ damage. To determine the contribution of NK1.1 + cells to liver injury after HS/T, the levels of ALT and AST were measured at 6 and 24 h after HS/T. NK1.1 + cells were depleted by i.p. administration of 75 mg PK136 Ab in C57BL/6 mice, on each of the 2 d before initiation of resuscitated HS and tissue injury (HS/T). Injection of isotype IgG or saline served as controls for the NK1.1 Ab-treated group. We confirmed that this regimen of NK1.1 Ab administration effectively depleted NK cells in spleen, liver, lung, and blood (see supplemental data).
As shown in Fig. 1 , no significant differences in baseline ALT and AST levels were observed in C57BL/6 mice with or without NK1.1 + cell depletion (Fig. 1A-D) . The levels of ALT and AST increased significantly at 6 and 24 h after HS/T with the highest elevation detected at 6 h for ALT (Fig. 1A ) and 24 h for AST (Fig. 1D) . After HS/T, the differences in ALT and AST at 6 h between NK1.1 Abs and isotype Abs or saline-treated groups were negligible. However, at 24 h after HS/T, NK1.1 + cell depletion resulted in significantly (P , 0.05) lower levels of ALT and AST than the control groups had. Those data show that NK1.1 + cells promote liver damage that becomes apparent by 24 h after HS/T.
Histopathologic assessment of organ injury after HS/T
End organ injury was further evaluated by histopathologic examination of tissues after HS/T. Although major histologic differences were seen when assessing injury to the liver and gut between the control and NK1.1-depleted mice after HS/T (discussed further below), no differences were observed in the histologic scoring of lung injury (data not shown). Liver injury was scored on a 0-3 scale, with a score of 0 indicating healthy organ histology; 6 indicating tiny/microscopic foci (,10 hepatocytes) showing coagulative-type necrosis with minimal neutrophilia; 1 indicating confluent (.1 lobule) area of coagulative-type necrosis with neutrophilia involving .1/3 of the tissue section; 2 indicating confluent areas of necrosis with neutrophilia involving 1/3-2/3 of the tissue section; and 3 indicating confluent areas of necrosis with neutrophilia involving .2/3 of the tissue section. Intestinal sections were graded as 1 indicating focal villous tip necrosis with occasional pseudomembranous area involving ,1/3 of tissue section; 2 indicating focal villous tip necrosis with pseudomembranous area involving 1/3-2/3 of tissue section; 3 indicating focal villous tip necrosis with pseudomembranous area involving .2/3 of tissue section. For the liver, at 6 h, 6 indicated the level of injury was observed, and a 6 to 1 injury score at 24 h. The liver sections in mice treated with saline or NK1.1 Ab showed similar areas of necrosis at 6 h after HS/T (Fig. 2A) . However, persistent areas of necrosis were only seen in the control group and not in the NK1.1 + cell-depleted mice at 24 h. For the intestine, an average injury score of 1 was observed at 6 h, and by 24 h, the injury score averaged 1-3 for the control groups subjected to HS/T. In contrast the injury score was 0 at both 6 and 24 h in the NK1.1-depleted group subjected to HS/T. Impressive inflammatory cell infiltrates appeared in the gut lumen in control, but not NK1.1 Ab-treated, mice at 6 and 24 h after HS/T (Fig. 2 B) . Thus, the gut appeared to be structurally normal in NK1.1 + cell-depleted mice after HS/T. It is well recognized that shock or major trauma leads to a decrease in mesenteric perfusion, resulting in an ischemiareperfusion-induced gut inflammatory response. HS/T induces breakdown of the intestinal luminal mucus layer, and there is a direct correlation between loss of the mucus layer and the severity of villus injury [2] . Some of the gut injury results from generation of free-radical species [3] . Our results indicated that NK 1.1 + cells are part of the local inflammatory response that leads to inflammation and villus injury in the gut after HS/T. In the liver, NK 1.1 + cells appear to sustain the processes involved in driving liver injury after HS/T.
NK1.1 + cells prolong the SIRS following HS/T
HS/T induces an SIRS, manifested by increases in circulating levels of cytokines and chemokines [19] [20] [21] [22] . IL-6 and MCP-1 are among the most consistently elevated inflammatory mediators after trauma [21, 22] . Plasma levels of IL-6 and MCP-1 were measured to assess the SIRS at 6 and 24 h after HS/T. Significant increases in both IL-6 (Fig. 3A-C) and MCP-1 (Fig.  3D-F) were induced by HS/T, as expected. Treatment with isotype control Ab or NK1.1 Ab had no effect on the baseline levels of IL-6 or the increases induced by HS/T (Fig. 3A-C) . There was also no difference between the control groups and NK1.1 Ab-treated groups for MCP-1 at 6 h (Fig. 3D) . In contrast, at 24 h, the NK1.1 Ab-treated mice subjected to HS/T had significantly lower MCP-1 levels than the control group subjected to HS/T had (Fig. 3E) . Those data suggest that NK1.1 + cells selectively extend components of the inflammatory response after HS/T.
HS/T alters the number of NK cells, neutrophils, B cells, and macrophages in the liver
The liver is selectively enriched in NK cells (including classic NK cells, resident NK cells, ILC1) and NKT cells [23] . We analyzed the changes in leukocyte subsets in the liver at 24 h after HS/T, a time point when the degree of liver damage was clearly reduced if NK1.1 + cells were depleted. As shown in Fig.  4A , HS/T induced greater leukocyte infiltration into the liver by 24 h in control mice than that in NK1.1 + cell depleted mice. Of the leukocytes in the liver at baseline (Fig. 4B) (Fig. 4C) . These results confirm the findings of others that liver resident NK cells or ILC1 do not migrate [24, 25] after an inflammatory stimulus.
At 24 h after HS/T, the percent of cells with T (CD3 + , NK1.1-) or B cell markers (B220) dropped significantly while the percent of PMN and macrophages significantly increased (Fig. 4D) . The liver has a large number of macrophage lineage cells or Kupffer cells at baseline and macrophages rapidly infiltrate the liver after HS/T. As shown in Fig. 4E and F, the increase in PMN or macrophages induced by HS/T was not altered by prior NK1.1 + cell depletion. We confirmed the persistent near total deletion of NK and NKT cells in the liver at 24 h after HS/T by NK1.1 Ab pretreatment (data not shown). Thus, neither NK nor NKT cells appear to play a major role in PMN or macrophage influx into the liver in this model.
Intracellular IFN-g and TNF-a expression by NK and NKT cell populations in the liver
To assess cytokine production by NK and NKT cell populations in liver at baseline and at 24 h after HS/T, liver nonparenchymal cells were isolated and exposed to PMA and ionomycin for 4 h in vitro. The cells were then fixed and permeabilized, and intracellular IFN-g and TNF were detected by immunofluorescence ( Fig. 5A and B) . HS/T led to an enhanced capacity for IFN-g production by classic NK cells and TNF-a expression by NKT cells. As indicated in Fig.  5B , classic NK cells produced IFN-g but not a significant amount of TNF-a. In contrast, ILC1 and NKT cells produced both IFN-g and TNF-a, and those cell populations were multifunctional in that approximately one-third of the cytokine-positive cells produced both IFN-g and TNF-a. Figure 5C and D shows the dot plots for IFN-g and TNF-a production by the NKT cell population isolated from livers of control mice or mice subjected to HS/T. HS/T led to a marked increase in a population of TNF-a-high NKT cells, which was completely absent in the control group. Those data suggest that liver classic NK cells have the capacity to produce more IFN-g and NKT cells to produce more TNF-a after HS/T. NK 1.1 + cell depletion reduces macrophage responses after HS/T Klein et al. [26] proposed the existence of 2 types of Kupffer cells in liver: one was a resident population, with potent production of reactive oxygen species and phagocytic capacities; and the other a bone marrow-derived population with a potent capacity to produce type 1 cytokines, such as TNF-a. The latter macrophage population has a central role in inflammatory responses in the liver. In the setting of infection, the resident Kupffer cells are rapidly lost, so they cannot directly contribute to immunity or tissue repair, but their necrotic death triggers the attraction and further differentiation of inflammatory monocytes [27] . We assessed how the deletion of NK1.1 + cells affected liver macrophage responses at 24 h after HS/T. Liver nonparenchymal cells were exposed to PMA and ionomycin for 4 h, fixed, and permeabilized. A dot plot for intracellular MCP-1 and TNF-a is shown in Fig. 6A and reveals that fewer MCP-1 + and TNF-a + cells were seen in NK1.1-depleted animals. The percentage of macrophages positive for IFN-g, TNF-a, and MCP-1 is shown in Fig. 6B and confirms that NK1.1 + cell depletion reduced macrophage capacity to express TNF-a and MCP-1. We hypothesized that IFN-g from NK cells may be one of the signals for macrophage MCP-1 production. Dead Kupffer cells/macrophages have been shown to be a source of MCP-1 release after HS/T [28] . Whether NK cells contribute to macrophage death in the liver is not known. Together, these data show that NK1.1 + cells enhance macrophage cytokine and chemokine production capacity after systemic injury and HS. These findings were consistent with other studies that showed NK cell-derived IFN-g has a role in promoting M1 macrophage expansion [29, 30] . This study was undertaken to determine the contribution of NK1.1 + cells to SIRS and end organ damage after HS/T. Using a murine model that combines hemorrhagic shock plus peripheral tissue trauma, we showed that NK cells are activated to produce INF-g and NKT cells to produce TNF-a. This is associated with gut damage and a prolongation of ongoing liver damage after HS/T. We provide evidence that NK1.1 + cells promote inflammation and organ injury after HS/T by enhancing the macrophage response, leading to greater MCP-1 production. These findings identify NK and NKT cell activation as an important step in the inflammatory response to systemic injury, contributing to liver and gut damage after HS/T. AUTHORSHIP S.C. performed research; collected, analyzed, and interpreted data; contributed to the experimental design; and wrote the manuscript. R.A.H. performed research; collected, analyzed, and interpreted data; and wrote the manuscript. M.S., J.M., P.L., and M.R. contributed to collection and analysis of data. A.J.D. performed pathologist scoring of the lung, liver, and gut. T.R.B. designed the research, analyzed and interpreted data, and wrote the manuscript.
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